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Abstract: We report a broadband mid-infrared frequency comb with three-optical-cycle pulse 
duration centered around 4.2 µm, via half-harmonic generation using orientation-patterned 
GaP (OP-GaP) with ~43% conversion efficiency. We experimentally compare performance of 
GaP with GaAs and lithium niobate as the nonlinear element, and show how properties of 
GaP at this wavelength lead to generation of the shortest pulses and the highest conversion 
efficiency. These results shed new light on half-harmonic generation of frequency combs, and 
pave the way for generation of short-pulse intrinsically-locked frequency combs at longer 
wavelengths in the mid-infrared with high conversion efficiencies. 
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1. Introduction 
Broadband mid-infrared frequency combs are becoming increasingly important for 
applications such as trace gas sensing and stand-off molecular detection with high resolution, 
sensitivity, and fast acquisition rates [1–3]. Some of the techniques to produce mid-infrared 
frequency combs includes difference frequency generation [4], synchronously-pumped 
optical parametrical oscillators (OPO) [5, 6], mid-IR femtosecond lasers [7], and 
microresonators [8]. Of these techniques, half-harmonic generation, i.e. the inverse of second-
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harmonic generation, using quasi-phase matched nonlinear media offers an unprecedented 
level of coherence transfer and efficiency [9–11]. The broadband infrared frequency combs in 
synchronously-pumped half-harmonic OPOs have been demonstrated using different 
combinations of nonlinear crystals and pump sources: periodically poled lithium niobate 
LiNbO3 (PPLN) with Ti:sapphire [12], Er:fiber [13], and Yb:fiber [11, 14] femtosecond pump 
lasers, and orientation-patterned GaAs (OP-GaAs) with Tm-fiber [15], Cr:ZnSe [16], and 
Cr:ZnS [17, 18] femtosecond pump lasers. Lately, broadband intrinsically phase- and 
frequency-locked frequency combs with 50-fs pulses at 2 μm and 110-fs pulses at 4 μm have 
been produced via a two-stage cascaded half-harmonic generation in PPLN [11]. However, in 
previous demonstrations of half-harmonic generation in the mid-IR, achieving high 
conversion efficiencies and few-cycle pulses simultaneously has been challenging due to the 
linear and nonlinear properties of available materials. 
Recently, a new quasi-phase-matched semiconductor, i.e. orientation-patterned gallium 
phosphide (OP-GaP), has become available using the all-epitaxial processing technique 
combined with optimized hydride vapor phase epitaxy to achieve parallel grating propagation 
to over 500 μm thicknesses [19]. Gallium phosphide has excellent characteristics for mid-IR 
parametric frequency conversion including the high nonlinear coefficient and wide 
transparency range. Compared to GaAs, it has lower nonlinear coefficient, but larger indirect 
band gap (Eg = 2.26 eV), which allows pumping at shorter wavelengths, and also lower group 
velocity dispersion (GVD) at λ < ~5.5 μm, simplifying the need for dispersion compensation. 
Lower dispersion also results in larger grating periods which can propagate more easily to 
large thicknesses providing large clear apertures. OP-GaP has been recently used in different 
types of wavelength conversion processes in the mid-IR including OPOs [20–23]. 
Following our preliminary demonstration of OP-GaP-based half-harmonic generation 
[23], here we report highly-stable efficient half-harmonic generation of a three-cycle 
frequency comb around 4 µm, and present an experimental comparison of the performance of 
half-harmonic generation using PPLN [11], OP-GaAs and OP-GaP. Despite the higher 
nonlinearity of GaAs and its comparable group delay dispersion to GaP, GaP-based half-
harmonic generation has a significantly better performance. We achieved ~220 mW of 
average power at 250 MHz corresponding to ~43% of conversion efficiency. The OP-GaP-
based half-harmonic OPO is pumped by the output of another half-harmonic OPO operating 
at 2.1 µm. The resulting frequency combs are intrinsically phase- and frequency-locked to the 
output comb of the mode-locked Yb:fiber laser driving the cascaded half-harmonic generation 
processes [11]. 
2. Materials for quasi-phase matched half-harmonic generation at 4 µm 
Efficient half-harmonic generation of short-pulse frequency combs around 4 µm is important 
because it can lead to intrinsically frequency-locked frequency combs in an important 
molecular spectroscopic window using well-developed frequency comb sources at 2 or 1 µm 
[11]. Moreover, one can use the resulting mid-IR frequency comb to pump another stage of 
half-harmonic generation and access the long-wavelength mid-IR window. To demonstrate 
the advantages of using OP-GaP for half-harmonic generation of few-cycle pulses around 4 
µm, we have compared its properties with other available materials, suitable for quasi-phase 
matched operation around 4.2 µm, i.e. PPLN and OP-GaAs. The relevant parameters of the 
crystals are summarized in Table 1. 
PPLN demonstrates the lowest nonlinear coefficient. However, because of its 
technological maturity, one can use long large-aperture samples of excellent optical quality. 
At the same time, 4.2 µm is approaching the edge of the PPLN transparency region, which 
results in a large GVD to be compensated, and even a larger TOD at the central wavelength. 
Also, we expect the long-wavelength wing of the generated spectrum to be cut below 5 µm 
due to the fundamental absorption. OP-GaAs and OP-GaP possess none of these drawbacks, 
and from the numbers presented in Table 1 we might assume OP-GaAs should demonstrate a 
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significantly lower threshold than OP-GaP in equal conditions. One may be able to partially 
compensate that by using a longer OP-GaP crystal due to its lower group velocity mismatch. 
In the experimental results presented here, we compare the performance of half-harmonic 
generation for these three materials at around 4.2 µm. 
Table 1. Optical parameters of LiNbO3, GaAs and GaP 
PPLN Op-GaAs Op-GaP 
Nonlinear coefficient 33 18.7 pm / V=d  
[24] 
14
94 pm / V=d  
pm/V [24] 
14
28 pm / V=d  
[25,26] 
Index of refraction =n 2.05 =n  3.30 =n  3.01 
F.O.M. ( 2 3
eff
/d n ) 41 326 38 
Group velocity dispersion (GVD) –1861 fs2/mm  + 372 fs2/mm  + 114 fs2/mm 
Third order dispersion (TOD)  + 16200 fs3/mm  + 1471 fs3/mm  + 1545 fs3/mm 
Period for 4.2 µm OPO 32 µm 63.5 µm 93 µm 
2.1–4.2 µm group velocity 
mismatch −241 fs/mm 298 fs/mm 150 fs/mm 
Optimal length for 50-fs pulse 0.42 mm 0.34 mm 0.67 mm 
Transparency region 0.4–5 µm 0.85–18 µm 0.57–12 µm 
All data correspond to ~4.2 µm wavelength. The effective nonlinear coefficient is 33=effd d  for 
PPLN and 
14
1.155=
eff
d d  for GaP and GaAs according to crystal orientations [24]. The nonlinear 
coefficient for GaP is wavelength-corrected using the Miller’s rule [27]. The optimal length has 
been estimated assuming that the OPO and pump pulse durations are close, and that the group 
delay mismatch should not exceed their sum. Figure of merit (F.O.M) is often used for estimating 
the parametric gain in c.w. or quasi-c.w. OPOs [28]. GVD and TOD are the second and third 
derivatives of the wavenumber in the medium with respect to angular frequency, respectively. 
3. Experimental setup 
The cascaded half-harmonic OPOs are synchronously pumped [Fig. 1] by a 1-W mode-locked 
Yb:fiber laser at 1 µm, with ∼70-fs pulses and a repetition rate of 250 MHz. The first OPO is 
a PPLN-based half-harmonic OPO converting the pump to ~500 mW of ~50-fs pulses at 2.09 
µm [11]. 
Similar to [11], the second OPO is pumped by the signal output of the first OPO. Two 
concave gold mirrors (M6 and M7) have ROC of 25 mm. This results in the waist diameter of 
27 µm in the middle of the stability range. The distance between mirrors between M4 and M5 
is chosen to image the secondary beam waist of the 2-µm OPO onto the secondary beam 
waist of the 4-µm OPO. The 2-µm beam is thus focused to the same confocal parameter of 
0.26 mm, but has a 20-µm waist diameter. The exact mode matching is traded off in favor of 
the Gouy-phase matching, making sure that the setup accommodates samples of any 
thickness. Passing through the substrates of M4 and M5 mirrors substrate results in a certain 
negative chirp of the pump pulse. We estimate the pump pulse duration of about 55 fs at the 
crystal entrance, which is nearly two times longer than the transform-limited pulse width of 
29 fs, corresponding to the 170-nm broad spectrum at 2.09 µm. The input pulse duration can 
be reduced close to the transform-limited value by pre-compensation, but this was not 
necessary, as the threshold was low enough for all tested samples. 
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 Fig. 1. Schematic of the experiment comprising two half-harmonic OPOs. OC, pellicle-type 
output coupler. Si, ZnS and KBr denote Brewster-angled dispersion compensating elements. 
The nonlinear gain is provided by a plane-parallel OP-GaP crystal with a poling period of 
92.7 μm for type-0 phase matching at room temperature, which has broadband anti-reflection 
(AR) coating for the wavelength region around 4.2 µm with another reflection minimum at 
pump wavelength of 2.09 µm. To make fair comparison, we have tested samples with 1, 0.5, 
and 0.25 mm thickness, as well as a 0.25-mm thick OP-GaAs in the same orientation and a 1-
mm thick PPLN crystal, both AR coated for pump and degenerate OPO wavelength regions. 
For dispersion compensation, we used plan-parallel plates of different optical materials placed 
in the cavity at Brewster angle: ZnS and KBr for OP-GaP and OP-GaAs and Si for PPLN. 
This allowed compensating the round-trip group delay dispersion (GDD) of the nonlinear 
crystal below 100 fs2 for all samples, but the TOD remained uncompensated [Fig. 2]. It must 
be noted here that all dielectric coatings contributed additional dispersion. From the data 
provided by the vendors, each dichroic mirror bounce added ~22 fs2 of GDD and ~3750 fs3 of 
TOD at 4200 nm. The antireflection coatings on OP-GaAs and OP-GaP contributed 
negligible GDD and only ~140 fs3 of TOD per pass at the same wavelength. 
The output coupling of the mid-IR signal pulses for the OP-GaAs and OP-GaP OPOs is 
provided by one or two coated pellicles, providing ~15-30% of reflection each, depending on 
the incidence angle. At 45°, the pellicle reflectivity is about ~25% at 4.2 µm. For the results 
presented here, we did initial adjustments to the configurations of the output couplers to 
achieve the highest output power at the highest available pump power. For the PPLN OPO, 
optimum output coupling is achieved with angle tuning of a Si slab [11]. 
The 4-μm OPO resides in a box purged with dry nitrogen to reduce the effects of 
atmospheric absorption on the OPO operation. The effect of nitrogen purging was to decrease 
the threshold and improve the efficiency of OPO operation by about 1.4 times, and to broaden 
the range of cavity lengths, at which OPO was still operating. The threshold of the 4-μm OPO 
is 
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 Fig. 2. Intracavity round-trip dispersion. 
200-300 mW with ~25% output coupling and 26 mW without output coupling. The lengths of 
both OPOs have been locked using the dither-and-lock procedure described in Ref [10]. 
4. Results and discussions 
We first preset the results of half-harmonic generation using OP-GaP. Without output 
coupling, the OPO using a 1 or 0.5-mm OP-GaP sample exhibits a threshold of a few tens of 
milliwatts even without nitrogen purging, but with quite low output power. After initial 
adjustment, we tuned the output coupling from ~25% to ~44% (by angle tuning one or two 
pellicles). With compensated dispersion, the maximum output power at the open air would 
typically be 150-175 mW, increasing to 190-220 mW after few minutes of nitrogen purging. 
The results of the OPO with 1-mm and 0.5-mm OP-GaP are quite comparable (Table 2), with 
a slightly better performance by the 0.5-mm sample, which has been chosen for the detailed 
study. 
The dispersion of a 0.5-mm GaP crystal (57 fs2) and the two reflections from the dichroic 
mirrors (~43 fs2) is compensated by a 1 mm-thick ZnS plate at Brewster angle (−75 fs2), 
resulting in about ~25 fs2 of uncompensated GDD, which is additionally reduced to ~-15 fs2 
by inserting a 4-mm KBr plate at Brewster angle (~-40 fs2). At 500 mW of pump power, the 
OPO emitted 215 mW of output from a single ~25% output-coupling pellicle. The output 
spectrum is shown in Fig. 3(a). It is centered at 4.18 µm with the 3-dB bandwidth of ∼690 
nm, and the −30 dB width of ∼2 μm. The double-peaked cut in the spectrum around 4.2 μm 
corresponds to the CO2 absorption in the 1.5 m beam path from the OPO to the spectrometer. 
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 Fig. 3. Optical spectrum in linear and log scale (a), autocorrelation trace (b, black: 
interferometric, red: intensity), output spectrum as a function of cavity length (c), and output 
power (d) of the of the 0.5-mm OP-GaP OPO. 
The autocorrelation of the pulses is measured by a two-photon extended-InGaAs detector 
and is shown in Fig. 3(b). The pronounced autocorrelation wings are due to the dispersion 
associated with the CO2 absorption in the beam path outside of the resonator. From this 
autocorrelation, one can estimate ∼47 fs of pulse duration. Taking the same spectrum without 
the CO2 absorption produces a transform-limited spectrum of ~38-fs pulse duration. A scan of 
the cavity length and measuring the input-output dependencies [Fig. 3(d)] allows identifying 
the highest-power peak, which corresponds to nearly exact length match, i.e. synchronous 
propagation of the pump and the OPO pulse [Fig. 3(c)]. The peaks −1, −2, and −3 correspond 
to the case when the OPO cavity round-trip is shorter than the pump repetition period by one, 
two, and three half-periods, respectively (negative detuning). These peaks demonstrate 
increasingly higher threshold, and nearly the same slope efficiency [Fig. 3(d)], but become 
non-degenerate with increasing detuning. It is interesting to note that the spectrum and 
temporal shapes of the output pulses for peaks 0 and −1 do not change over the range of the 
pump powers used in Fig. 3(d), meaning that the spectrum width is governed by the 
intracavity dispersion and losses rather than nonlinear effects. 
The described configuration corresponded to a slight dispersion overcompensation. Figure 
4 demonstrates the performance of the OPO with undercompensation [Figs. 4(a) and 4(b)] 
and stronger overcompensation [Figs. 4(c) and 4(d)]. One can observe a slightly higher 
threshold, but quite comparable slope and overall efficiency, as well as the spectral width, 
being 650 nm for overcompensated and 720 nm for the undercompensated configurations. It 
is interesting to note that degenerate operation occurs not only for the nearly synchronous “0” 
peak, but also for a long-cavity peak where the intracavity signal pulse receives a group delay 
by a half-period relative to the pump pulse on each round-trip (peak “1”). This peak exhibits a 
high oscillation threshold and a large slope efficiency, both of which are signs of formation of 
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simultons [29]. Simulton formation in the mid-IR can lead to even shorter pulses and higher 
conversion efficiencies, which will be the subject of future work. 
 
Fig. 4. Output power (a,c) and output spectrum as a function of cavity length (b,d) of the of the 
0.5-mm OP-GaP OPO with different round-trip dispersions. 
In Table 2 we summarize the results obtained with OP-GaP samples of different thickness 
as well as PPLN and OP-GaAs. PPLN has a large dispersion and material absorption, which 
limit the spectral bandwidth to about 260 nm with pulse durations longer than 100 fs. It also 
leads to a higher threshold and a lower slope efficiency compared to an OP-GaP sample of 
similar length. OP-GaAs demonstrates a large bandwidth and short pulses, set by the 
bandwidth limitations of the setup mostly arising from the uncompensated higher-order 
dispersions. However, the OP-GaAs sample demonstrates the same threshold and a lower 
conversion efficiency even compared to the 0.25-mm OP-GaP sample, while it was expected 
to outperform the 0.5-mm OP-GaP, which had a similar dispersion, but much lower F.O.M. 
This behavior – broad bandwidth, but fairly low conversion efficiency is consistent with 
previous OP-GaAs experiments with Tm-fiber and Cr:ZnS laser pumping [15, 17, 18, 30]. 
Understanding the underlying physics of such a behavior requires a more comprehensive 
study and will be the subject of future research, however, we point out a few potential reasons 
here. One possibility is the residual absorption of the OP-GaAs material in the 4-µm region 
[30]. To make such a clear distinction in OPO performance, however, the absorption in the 
GaAs must far exceed the absorption in GaP at 4 µm and approach ~10%; also the difference 
in absorption does not explain the comparable threshold values despite the large F.O.M. 
difference. We therefore believe that the lower-power operation of the OP-GaAs OPO is most 
likely due to one or a combination of nonlinear effects, for instance the three-photon 
absorption of the pump, two-photon absorption at the sum-frequency of pump and signal at 
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around 1.4 µm, Kerr lensing, and/or nonlinear dynamics [29]. Three-photon absorption in 
GaAs has been shown to limit the OPO performance up to 2.5 µm [31]. 
Table 2. Summary of the experimental results. 
 
PPLN GaP GaAs 
Sample thickness 1 mm 1 mm 0.5 mm 0.25 mm 0.25 mm 
GDD compensation 5 mm Si 2 mm ZnS 1 mm ZnS + 4 mm KBr 4 mm KBr 1 mm ZnS 
Material GDD 40 fs2 −40 fs2 −20 fs2 −10 fs2 −20 fs2 
Material TOD 20600 fs3 4400 fs3 2200 fs3 1170 fs3 2200 fs3 
Round-trip GDD 85 fs2 5 fs2 −15 fs2 35 fs2 25 fs2 
Round-trip TOD 28400 fs3 12200 fs3 10000 fs3 9000 fs3 10000 fs3 
Threshold ~1 nJ (250 mW)
~0.4 nJ 
(100 mW)
~0.5 nJ 
(125 mW) 
~1 nJ 
(250 mW)
~1 nJ 
(250 mW) 
Slope efficiency 30% 50% 59% 40% 25% 
Range of output 
coupling tuning ~20% ~25-45% ~25-45% ~20% ~20% 
Max. output power 75 mW 200 mW 215 mW 100 mW 60 mW 
Spectrum FWHM 265 nm 500 nm 690 nm 695 nm 630 nm 
Min. duration 
FWHM 110 fs 60 fs 45 fs 45 fs 50 fs 
The dispersion data corresponds to 4.2 µm. 
5. Conclusion 
We reported a two-stage cascaded half-harmonic generation of three-optical-cycle pulses 
(<50 fs) centered around 4.2 μm corresponding to a broadband mid-IR frequency comb. The 
second stage of half-harmonic generation is achieved using OP-GaP, and the resulting 
frequency comb is intrinsically phase- and frequency-locked to the mode-locked fiber laser 
pump at 1 µm. In contrast to previous demonstrations, the mid-IR OP-GaP-based half-
harmonic generation is characterized by a high conversion efficiency of ~43%, and an output 
power of 220 mW, with nearly 1 nJ pulse energy, and few-cycle pulses. 
We experimentally verify that using OP-GaP in this spectral range is preferable over OP-
GaAs, and we expect to extend this work to simulton-based half-harmonic generation [29], 
which can potentially lead to higher efficiencies and shorter pulses. Further simplification of 
the setup can be reached by replacing the first stage of half-harmonic generation with a fiber 
laser source. Using the Tm-fiber laser, Raman-shifted to 2.1 µm [32], we have been able to 
operate the OP-GaP OPO with only 2 nJ of threshold energy at 150 fs pulse duration and up 
to 40 mW of output power at 80 MHz repetition rate. 
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